Proliferating cell nuclear antigen (PCNA) plays an essential role in nucleic acid metabolism as a component of the replication and repair machinery. This toroidalshaped protein encircles DNA and can slide bidirectionally along the duplex. One of the wellestablished functions for PCNA is its role as the processivity factor for DNA polymerase d and e. PCNA tethers the polymerase catalytic unit to the DNA template for rapid and processive DNA synthesis. In the last several years it has become apparent that PCNA interacts with proteins involved in cell-cycle progression which are not a part of the DNA polymerase apparatus. Some of these interactions have a direct eect on DNA synthesis while the roles of several other interactions are not fully understood. This review summarizes the structural features of PCNA and describes the diverse functions played by the protein in DNA replication and repair as well as its possible role in chromatin assembly and gene transcription. The PCNA interactions with dierent cellular proteins and the importance of these interactions are also discussed.
Introduction
Proliferating cell nuclear antigen (PCNA) was identi®ed independently by two dierent groups. Miyachi et al. (1978) initially identi®ed an autoantigen in patients with systemic lupus erythematosis, which they named PCNA because the protein was observed in the nucleus of dividing cells. At about the same time Bravo and Celis (1980) used two dimensional gel electrophoresis to identify a protein which was synthesized during the S-phase of the cell cycle which they named cyclin. Subsequent work demonstrated that PCNA and cyclin are the same 29 kDa protein (Mathews et al., 1984) . This protein is now called PCNA; the term cyclin is now used to describe a family of proteins involved in cell cycle regulation. Genes which encode the PCNA protein have been isolated from several eukaryotes and archebacteria and the predicted amino acid sequences have been found to be highly conserved (Bult et al., 1996; Kelman and O'Donnell, 1995a) . The chromosomal locations of PCNA genes from several species have been determined (e.g. Henderson et al., 1994; Ku et al., 1989) , as have several PCNA pseudogenes (Ku et al., 1989; Yamaguchi et al., 1991) .
Extensive studies have been conducted on PCNA and its functions in the past several years, and PCNA has been found to play a critical role in several biological processes that appear disparate but have in common a role in DNA metabolism. PCNA is an essential component of the DNA replication machinery, functioning as the accessory protein for DNA polymerase d (Pold), required for processive chromosomal DNA synthesis, and DNA polymerase e (Pole). PCNA is also required for DNA recombination and repair. In addition, PCNA was shown to interact with cellular proteins involved in cell cycle regulation and check point control. Furthermore, the three-dimensional structures of yeast and human PCNA have been determined and several structure-function relationships have been established.
The aim of this article is to summarize our current understanding of the diverse functions played by PCNA in DNA metabolism. The association between PCNA and dierent cellular proteins will be described, as well as the roles played by these interactions.
Structure
The biochemical data PCNA is the processivity factor of Pold and thus is the functional homologue of other processivity factors, the b subunit of the Escherichia coli DNA polymerase III holoenzyme (Pol III) and the product of gene-45 of bacteriophage-T4. Similarities in the function of these proteins gave the ®rst indication of the structure of PCNA.
PCNA has been described as a`sliding clamp'. The ®rst evidence for the sliding clamp structure came from the study of the b subunit of E. coli Pol III. In a series of elegant experiments it was shown that the b subunit bound tightly to nicked circular plasmid but readily dissociated upon linearization of the plasmid via sliding over the ends (Stukenberg et al., 1991; Yao et al., 1996 ; reviewed in Kelman and O'Donnell, 1995b) . These results suggested that the b subunit binds DNA in a topological fashion, by encircling it. The g45 protein has a similar structure. Electron microscopy studies showed that g45 protein forms structures that resemble`hash-marks' on DNA, and it appears that the DNA is threaded through the protein (Gogol et al., 1992) .
Several other lines of biochemical data also supported the idea that PCNA forms a ring around DNA. In the absence of the clamp loader (RF-C) (the complex that assembles the ring around duplex DNA; discussed below) it was demonstrated that PCNA can support processive replication by Pold on linear DNA with a double stranded end, but not on a closed circular template (Burgers and Yoder, 1993) . These results suggested that PCNA could thread itself onto the end of the dsDNA molecule and slide along the duplex until it reached the 3' end, where it interacted with Pold to initiate processive DNA synthesis. Crosslinking experiments were used in a dierent strategy to demonstrate the sliding property of PCNA (Tinker et al., 1994) . After assembly around circular plasmid DNA, PCNA could be crosslinked to the DNA. Upon linearization of the plasmid, however, PCNA could no longer be crosslinked to the template, suggesting it has sliding properties (Tinker et al., 1994) . Experiments similar to these used to demonstrate the sliding of the E. coli b subunit were performed with human PCNA. This study showed that PCNA could bind nicked circular plasmid but slid o the ends upon linearization (Yao et al., 1996) .
The three dimensional structure
The crystal structure analysis of the E. coli b dimer showed it to be a ring shaped protein with an inner diameter sucient to accommodate a dsDNA molecule (Kong et al., 1992) . In the paper describing the three dimensional structure of b the authors predicted that PCNA would have a similar structure (Kong et al., 1992) . In fact, the PCNA monomer is only 2/3 the size of the b subunit but was shown to form a trimer in solution (Bauer and Burgers, 1988a; Brand et al., 1994; Yao et al., 1996) . It was therefore suggested that PCNA would form a trimeric ring (Kong et al., 1992) . Indeed, the overall structures of the human (Gulbis et al., 1996) and yeast (Krishna et al., 1994) PCNAs are very similar to each other and to the E. coli b subunit. The rings are superimposeable; each ring has similar dimensions and each has a diameter of the central cavity large enough to accommodate a dsDNA molecule (Krishna et al., 1994; reviewed in Kuriyan and O'Donnell, 1993; Kelman and O'Donnell, 1995a) .
The PCNA trimer forms a ring with an inner diameter of 34A Ê ; this is sucient to accommodate Bform DNA (Figure 1 ). The trimeric ring has sixfold symmetry as each monomer contains two globular domains. Each domain contains two a helices which line the central cavity and are perpendicular to the DNA. The a helices are supported by a continuous layer of nine b sheet structures all around the outside. Surprisingly, although the domains in each monomer do not have sequence similarity they are nearly identical in three-dimensions (Krishna et al., 1994) . It is interesting to note that the dimer of the E. coli b subunit is also composed of six domains while each monomer contains three globular domains (Kong et al., 1992) , and that several other enzymes involved in DNA metabolism share a similar six domain structure (Kelman et al., 1995) .
In all species studied, PCNA is an acidic protein with low pI (Kelman and O'Donnell, 1995a) . The charge distribution on the ring is asymmetric. There is a strong negative electrostatic potential in the outer surface and a net positive electrostatic potential in the central cavity (Krishna et al., 1994) . The negatively charged surface may prevent nonspeci®c interaction with DNA. Upon assembly around DNA by the clamp loader (see below) the positively charged central cavity may stabilize the interactions between PCNA and DNA. The PCNA trimer is stable both in solution and on DNA. In solution, the K d of PCNA dissociation into monomers is 20 nM Yao et al., 1996) , and the trimer remains stable at 500 mM NaCl. PCNA is also stable on DNA with an observed half life of 22 min Yao et al., 1996) . Several forces may be involved in the stability of the ring. The X-ray structure revealed that the interfaces between the promoters are formed by parallel b sheets composed of nine residues from each monomer (Krishna et al., 1994) . The stabilization of the ring results from hydrogen bonding between the b sheets, and may additionally include the formation of a hydrophobic core and an ion pair. In yeast PCNA there are four pairs of hydrophobic residues which form a hydrophobic core and one putative ion pair (Krishna et al., 1994; Kelman and O'Donnell, 1995a) .
Apparently, not all of the above putative interactions are equally important for the stabilization of the ring. It was demonstrated that a single amino acid substitution at the dimer interface where Tyr was replaced by Ala causes PCNA to become a monomer (Jonsson et al., 1995) . It was also shown that this monomeric PCNA cannot be assembled around DNA and fails to support replication by Pold (Jonsson et al., 1995) .
The integrity of the b sheets may also be important for the stability of the ring. A single amino acid substitution in the b sheet lining the interface where Ser is replaced by Pro resulted in the monomerization of the protein (Ayyagari et al., 1995) . Pro residues are rarely found in b sheet structures (Smith et al., 1994a) and would likely eect the integrity of the sheet structure. Furthermore, in the E. coli b subunit a similar substitution (Leu replaced by Pro) in the b sheet structure prevented the formation of a b dimer (Yao et al., 1996) . An Ala substitution at the same position does not aect the integrity of the b ring, which remains stable as a dimer (Z Kelman and M O'Donnell, unpublished observation) . Although the three-dimensional structure of PCNA has been solved and several amino acid residues have been identi®ed as being important for interface stability, further research is needed to shed light on the function of speci®c amino acid residues and the exact nature of the interaction that stabilize the protein structure.
Alternative structure of PCNA Both mammalian and yeast PCNAs have been shown to form trimers in solution (Bauer and Burgers, 1988a; Yao et al., 1996) and were crystallized as trimers (Krishna et al., 1994; Gulbis et al., 1996) . PCNA, however, may also exist as a dimeric ring. During somatic embryogenesis of Daucus carota, the carrot, two distinct PCNA genes are expressed (Hata et al., 1992) . One encodes a typical size PCNA (264 amino acids) while the other encodes a longer form (365 amino acids). The protein encoded by the long form of PCNA has a molecular mass of 40.1 kDa. This size is similar to the size of the prokaryotic b subunit and thus might form a dimeric ring. Furthermore, in early Xenopus laevis oogenesis a large PCNA transcript can be detected and a 43 kDa protein was shown to crossreact with PCNA antibody (Leibovici et al., 1990) . It was suggested that these putative long forms of PCNA are important for rapid chromosomal replication needed in early embryogenesis (Kelman and O'Donnell, 1995c ) and/or for DNA repair (Stillman, 1996) .
As described above, PCNA exhibits sixfold symmetry as a result of having two globular domains in each monomer (Figure 1) . Several other proteins which are involved in DNA metabolism (e.g. helicase, RuvB) also have sixfold symmetry and form a hexameric ring (Kelman et al., 1995) . It is interesting to note that a 19 kDa protein, which cross reacts with anti-PCNA antibodies, has been identi®ed in the phytoplankton Skeletonema costatum (Lin et al., 1994) . If this protein is indeed a PCNA homologue, and not a degradation product, then it might form a hexameric ring. Thus PCNA may exist in several forms having sixfold symmetry; as a hexamer, trimer, or dimer.
Function
PCNA plays important roles in nucleic acid metabolism. The protein is essential for DNA replication, is involved in DNA excision repair, has been suggested to be involved in chromatin assembly, and in several instances has been shown to be involved in RNA transcription.
DNA replication
The best understood function of PCNA, to date, is its role in DNA replication. PCNA plays an essential role in DNA replication as the auxillary protein (processitivity factor) of Pold, the enzyme responsible for the replication of the chromosomal DNA (Figure 2 ). PCNA is also the processivity factor of Pole. The role of this enzyme in vivo is not yet clear (discussed below).
PCNA was isolated as a protein with elevated levels during S-phase (Bravo and Celis, 1980) . In quiescent and senescent cells there are very low levels of PCNA mRNA and protein. Upon serum or mitogen stimulation of cells there is a several fold increase in the level of PCNA transcript and protein shortly before DNA synthesis (Celis et al., 1988 and references therein) . In contrast to quiescent cells, in actively growing cells PCNA is constitutively expressed throughout the cell cycle. Studies have shown, however, that the protein is localized to the nucleus only in cells that are in the Sphase of the cell cycle (Takasaki et al., 1981; Macdonald-Bravo, 1985, 1987) or in u.v.-irradiated non-S-phase cells (DNA repair) (Celis and Madson, 1986; Toschi and Bravo, 1988) .
These early studies of PCNA expression and cellular localization during DNA synthesis suggested that the protein either plays a role in DNA replication directly, as a part of the replication machinery, or indirectly as a regulatory factor. Soon thereafter the direct role of PCNA in DNA replication was elucidated.
PCNA was identi®ed as a component required for the in vitro replication of SV-40 (Prelich et al., 1987a; reviewed in Challberg and Kelly, 1989) . In an in vitro replication assay PCNA could be replaced by a previously described protein (Prelich et al., 1987b) . This protein was originally identi®ed as an auxillary protein of Pold, by its ability to enable puri®ed Pold to replicate a template with long single stranded regions (Tan et al., 1986) . Furthermore, using Western blotting it was shown that antibodies generated against PCNA recognized the auxillary protein of Pold and that the two proteins share similar N-terminal amino acid sequence Prelich et al., 1987b) . The biochemical studies together with the immunological data and the amino acid sequence analysis con®rmed that the auxillary protein of Pold and PCNA were identical and established the role of PCNA in DNA replication.
These initial observations were soon followed by other in vitro and in vivo studies that elucidated the function of PCNA. One of the early functions demonstrated for PCNA is its important role in coordinating leading and lagging strand synthesis (Prelich and Stillman, 1988) . Using fractionated cell extract, in an SV-40 in vitro replication assay, it was shown that in the absence of PCNA leading strand DNA synthesis was abolished and lagging strand DNA replication was abnormal (Prelich and Stillman, 1988) . Cell extracts and puri®ed proteins were also used to further establish the role of PCNA as the processivity factor of Pold. Pold has very poor processivity by itself. Its processivity, however, is dramatically increased in the presence of RF-C and PCNA (Downey et al., 1990 and references therein). Furthermore, antibodies generated against PCNA inhibited Pold dependent in vitro replication but not replication by other polymerases (Tan et al., 1987) .
The role of PCNA in vivo was the focus of several studies. Expression of PCNA anti-sense RNA in exponentially growing cells caused a suppression of DNA replication and cell cycle progression (Jaskulski et al., 1988) . Yeast cells were also used to study the function of PCNA. Deletion of the PCNA gene in both the budding yeast, Saccharomyces cerevisae (Bauer and Burgers, 1990) and in ®ssion yeast, Schizosaccharomyces pombe (Waseem et al., 1992) , demonstrated that PCNA is an essential protein and is required for DNA replication.
Much of our understanding of the molecular mechanism by which PCNA functions as the processivity factor for Pold comes from the elaborate studies on the E. coli counterpart of PCNA, the b subunit of Pol III. Similar to PCNA, b is a ring shaped protein which encircles DNA. The ring is assembled around the DNA by a clamp loader complex that recognizes the primer terminus and loads the ring onto the double stranded region of it. This clamp loader is the g-complex subassembly of Pol III and it shares functional and probably structural similarities with the RF-C complex of Pold holoenzyme Cullmann et al., 1995; reviewed in Kelman and O'Donnell, 1994; Stillman, 1994) . After loading b onto DNA the polymerase catalytic unit replaces the g-complex in the binding to the b ring (Naktinis et al., 1996, reviewed in Herendeen and Kelly, 1996) . The binding of the polymerase to the ring tethers it to the template for processive DNA synthesis. It was recently shown that the human RF-C protein operates in a similar manner and that following the loading of PCNA onto the DNA template Pold can bind to it to initiate processive replication ( Figure 2 ) (Yao et al., 1996) .
Recently, an additional role for PCNA in DNA replication has emerged. FEN-1, a protein which is involved in the maturation of an Okazaki fragment, was shown to interact with PCNA (discussed below). The binding to PCNA stimulates the 5' to 3' exonuclease activity of FEN-1, a function which is important for the formation of a continuous lagging strand. Therefore, PCNA plays a role in DNA synthesis not only as part of the polymerase holoenzyme but also in the ®nal steps leading to the formation of a complete DNA duplex (Figure 2 ).
DNA repair
Early immunohistochemical studies using PCNA antibodies to study the distribution of the protein within the cell suggested a role for PCNA in DNA repair. The nucleus stained strongly with anti-PCNA antibodies following DNA damage by u.v.-irradiation although the cells were not in S-phase. This observation suggested the involvement of the protein in DNA repair processes (Celis and Madsen, 1986; Toschi and Bravo, 1988) . Indeed, in vitro repair assays have demonstrated the involvement of PCNA in DNA excision and mismatch repair processes (Nichols and Sancar, 1992; Shivji et al., 1992; Johnson et al., 1996; Umar et al., 1996) . Furthermore, studies conducted on the Drosophila melanogaster mus209 mutant demonstrated an in vivo role for PCNA in DNA repair (Henderson et al., 1994) .
Thus, PCNA is involved in both DNA replication and repair. The mechanism by which PCNA is involved in repair remains to be elucidated, however. Some evidence suggests that PCNA plays dierent roles in replication and repair. A study of dierent mutant forms of PCNA revealed that some aect DNA repair but not replication (Ayyagari et al., 1995) . Several studies have indicated that Pole plays a major role in DNA repair (Nishida et al., 1988; Wang et al., 1993; Aboussekhra et al., 1995; reviewed in Wood, 1996) . PCNA interacts with both Pold and Pole (described below). Therefore, interaction between Pole and PCNA may be important for DNA repair while interaction with Pold may be important only during chromosomal DNA replication.
In the last few years a new link between PCNA and the cellular response to DNA damage has been identi®ed ± the p53 protein. p53 is a transcription factor which is a key component of the cellular response to DNA damage, and has been called thè guardian of the genome'. Exposing the cell to DNA damage causes an increase in the level of the active form of p53. High levels of p53 aect the transcription of several genes and bring about cell cycle arrest while cells that lack the protein fail to arrest after DNA damage (reviewed in Cox and Lane, 1995; Sanchez and Elledge, 1995; Bates and Vousden, 1996) .
PCNA transcription is stimulated upon exposure of the cell to u.v.-irradiation (Zeng et al., 1994) . It was recently demonstrated that this elevation in PCNA expression might be mediated by the p53 protein, which was shown to activate transcription from the promoter of the PCNA gene (Shivakumar et al., 1995; Morris et al., 1996) . Also, in vivo studies, conducted in yeast, suggested a direct role of PCNA in the check point mechanism via its interactions (directly or indirectly) with other, well established check point genes (Tournier et al., 1996) . The emerging picture is even more complex. Following DNA damage, p53 activates the expression of several genes. Two of these genes, p21 and Gadd45, have been shown to bind PCNA (Figure 3) (described below). Although an immunohistochemistry study suggested that p21 and PCNA interact during repair processes (Li et al., 1996) the precise roles of the interactions between PCNA, p21 and Gadd45 in DNA repair are not yet clear.
Chromatin assembly
Recently, evidence for a role for PCNA in chromatin remodeling has been found. Studies conducted on the ®rst few cell divisions following fertilization in the star®sh Asterina pectinifera have suggested a role for PCNA in the assembly of chromatin (Nomura, 1994) . Using immunohistology with PCNA antibodies it was demonstrated that during S-phase PCNA is localized to speci®c regions on the DNA. These studies also suggested that during the ®rst S-phase chromatin is relocated to the sites where PCNA is localized (Nomura, 1994) . These observations imply a role for PCNA in the remodeling of chromatin structures during early embryogenesis. It is tempting to speculate that the long form of PCNA, identi®ed in carrot embryos, (described above) might play a role in these processes.
A role for PCNA in chromatin assembly also came from studies conducted on a D. melanogaster mutant (Henderson et al., 1994) . This PCNA mutant, mus209, may have defects in chromatin remodeling. Using a marker gene located in a region of heterochromatin (transcriptionally inactive), it was demonstrated that the gene was transcriptionally active in the mus209 background (Henderson et al., 1994) . This observation suggests that the mutation in PCNA aects the chromatin structure in the vicinity of the marker gene, making the region transcriptionally active (euchromatin).
These two in vivo studies indicate a role for PCNA role in the assembly of chromatin. It was previously suggested that a component of the replication fork might be involved in the chromatin assembly process (Smith and Stillman, 1989) . PCNA may be that protein. The recent isolation of large numbers of PCNA mutants, mainly in yeast, will be a useful tool to further elucidate the role(s) of PCNA in this process.
RNA transcription
Does PCNA, a key replication protein, also play a role in gene transcription? Several well characterized examples exist for the involvement of viral encoded sliding clamps in RNA transcription. However, such a function has not yet been demonstrated for cellular PCNA.
The product of gene-45 of the E. coli bacteriophage-T4 is the functional homologue of PCNA. In a series of elegant experiments it was demonstrated that gene-45 protein plays an important role in the transcription of genes which are expressed in late stages of infection (Herendeen et al., 1992) . The gene-45 protein, in association with the gene-33 and gene-55 proteins, binds to the E. coli RNA polymerase and directs it to the promoters of the phage genes that are expressed in late stages of infection.
Another example of the role played by the sliding clamp in viral gene expression came from the study of the PCNA homologue from the Autographa californica nuclear polyhedrosis virus. Although the PCNA homologue encoded by this baculovirus is not essential for DNA replication, it has been shown to be important for the expression of several viral genes that are transcribed during late infection (Crawford and Miller, 1988; O'Reilly et al., 1989) .
These two examples imply that cellular encoded PCNA may have a similar function and would play a role in gene expression. Upon completion of DNA replication the PCNA ring may be left around the DNA (Yao et al., 1996) . These rings may then bind to RNA polymerase, directly or indirectly, and regulate gene expression. If such a mechanism exists in eukaryotic cells, likely genes for such regulation are genes encoding proteins which are essential for the G 2 or M-phases of the cell cycle. PCNA which is left on the DNA may serve as a`marker' for the cell indicating the completion of DNA synthesis, and for the expression of speci®c genes.
Interactions with other proteins
In the last several years a number of proteins have been shown to associate with PCNA. Some of these proteins are directly involved in DNA replication and their interaction with PCNA has a direct role in DNA synthesis. Others, however, are proteins which are not a part of the replication apparatus but rather play diverse roles in cell cycle control and check point processes. Several of the known interactions between PCNA and these cellular components are summarized in Table 1 .
Replication Factor C (RF-C)
RF-C, also called activator-1, is a complex composed of ®ve subunits with molecular weights of 36, 37, 38, 40 and 128 kDa. RF-C functions as the clamp loader for PCNA. This complex is required for the ecient assembly of the PCNA trimer at the primer terminus in an ATP-dependent manner (Figure 2 ) (Lee and Hurwitz, 1990; Lee et al., 1991; Tsurimoto and Stillman, 1990; reviewed in Kelman and O'Donnell, 1994; Stillman, 1994) . The RF-C complex recognizes the primer terminus and assembles the PCNA clamp around the primer. It was recently demonstrated that RF-C is also capable of removing PCNA from DNA upon the completion of an Okazaki fragment and thus may recycle PCNA for re-use at a new primer site (Yao et al., 1996) . The functions of RF-C as a clamp loader and unloader imply that it forms a physical contact with PCNA. Indeed, RF-C was shown to form a complex with PCNA at the primer terminus (Tsurimoto and Stillman, 1991) , and complex formation stimulated the ATPase activity of RF-C (Tsurimoto and Stillman, 1990; Fukuda et al., 1995) . A direct interaction between the 40 kDa subunit of human RF-C and PCNA was demonstrated using puri®ed proteins and an anity column (Pan et al., 1993) . Genetic data from studies of S. cerevisae, however, suggest that there may be an interaction between PCNA and the large subunit of RF-C (McAlear et al., 1994; Ayyagari et al., 1995) . Several mutations in the PCNA gene have been shown to suppress mutations in the 128 kDa subunit of RF-C (McAlear et al., 1994; Ayyagari et al., 1995) . Indeed, studies conducted on truncated forms of the large subunit demonstrated a direct interaction between RF-C and PCNA (Fotedar et al., 1996) . It was also shown that two dierent regions of the 128 kDa subunit interact with PCNA and the DNA template (Fotedar et al., 1996) . Based on the recent observation that the RF-C complex can unload PCNA from DNA (Yao et al., 1996) it may be that dierent subunits of RF-C interact with PCNA during the loading and unloading reactions.
DNA polymerase d
PCNA is the processivity factor of Pold Prelich et al., 1987b; Tan et al., 1986; Downey et al., 1990) . In vitro studies demonstrated a signi®cant stimulation of Pold processivity by PCNA, suggesting an interaction between PCNA and Pold.
Pold contains at least two subunits with apparent molecular weights of 125 and 50 kDa (Wang, 1996 and references therein). Pold may exist as a trimer or even tetramer (Jiang et al., 1995a) but the additional subunits have not yet been puri®ed and characterized. The 125 kDa subunit of yeast Pold was shown to interact with PCNA when analysed using a sizing column (Bauer and Burgers, 1988b) and human Pold was shown to bind to PCNA when co-expressed in baculovirus-infected cells . Using a truncated form of Pold it was demonstrated that the N-terminal 220 amino acids are not important for the catalytic activity but, rather, for the stimulation by PCNA (Brown and Campbell, 1993) . Detailed analysis of the interaction, using synthetic polypeptides, showed that a peptide derived from residues 129 ± 149 speci®cally inhibits in vitro stimulation of Pold by PCNA, suggesting that this region is involved in the interaction between the two proteins .
Several approaches have been taken to identify the regions on PCNA that are involved in the binding with Pold. One approach was alanine scanning of the charge residues on the surface of PCNA. Using this technique residues of PCNA important for the interaction with Pold have been identi®ed in the human (Fukuda et al., 1995) , S. pombe (Arroyo et al., 1996) , and S. cerevisae (Ayyagari et al., 1995) proteins. These studies have demonstrated that amino acids from dierent regions of PCNA play a role in the binding with Pold. Antibody that inhibits Pold stimulation by PCNA has also been studied and revealed that antibodies whose epitope spans the connector loop between the two domains of PCNA inhibit in vitro DNA replication (Roos et al., 1996) .
What is the structure of PCNA which is recognized by Pold? PCNA is a trimeric ring which exerts its activity by braceleting DNA. PCNA mutants that can not form trimers fail to stimulate Pold. A mutant form of human PCNA, with a single amino acid substitution at position 114 (Tyr replaced by Ala), causes PCNA to become a monomer (Jonsson et al., 1995) . This mutant cannot be assembled around DNA by RF-C and does not stimulate Pold (Jonsson et al., 1995) . In S. cerevisae a PCNA mutation has been identi®ed that causes PCNA to monomerize (Ayyagari et al., 1995) . This monomeric form of PCNA, like the human counterpart, could not support in vitro replication and only partial replication could be observed in the presence of crowding agents (Ayyagari et al., 1995) . Based on these results one can conclude that stable interaction between Pold and PCNA is dependent upon the integrity of the trimeric ring. It is conceivable that the binding involves simultaneous interactions with more than one monomer. These experiments also suggest that the ring shape is important for the recognition and/or assembly of PCNA around DNA by RF-C (Jonsson et al., 1995) . Thus the failure of these mutant forms of PCNA to support DNA replication may lie in their inability to be assembled around the template.
DNA polymerase e
A second polymerase that is stimulated by PCNA is Pole. Pole contains a 250 kDa catalytic subunit and several associated proteins (Wang, 1996 and references therein) . Although studies in yeast have shown that Pole is an essential protein required for DNA replication (Morrison et al., 1990; Araki et al., 1992) , its exact role is not yet clear. In an SV-40 in vitro replication assay Pole does not substitute well for Pold resulting in short leading strand products (Lee et al., 1991) . These observations led to the suggestion that Pole may be involved in lagging strand synthesis. However, it has been shown that Pold is important for the completion of the lagging strand . Thus, the current model is that Pold is the principle replicase and is responsible for the replication of both the leading and lagging strands. Pole, however, may still play a role in cellular DNA replication. There is clear evidence for an important role played by Pole in DNA repair. Pole was shown to be a part of the nucleotide excision repair pathway and a member of the cell cycle response to DNA damage (Navas et al., 1995; Aboussekhra et al., 1995 reviewed in Sancar, 1996 Wood, 1996) .
In vitro studies have revealed that PCNA is important for the activity of Pole at physiological ionic strength. Although Pole is active in in vitro replication when assayed without salt, when the replication reaction was performed in the presence of moderate salt concentrations, PCNA was required for Pole activity Lee et al., 1991) . The stimulation of Pole by PCNA implies an interaction between them. Direct evidence for a physical interaction between the two proteins has not yet been found. Because not all the subunits of Pole have been identi®ed and isolated the analysis of the interactions with other protein is more complicated.
Flap endonuclease (FEN-1)
FEN-1, also called maturation factor 1 (MF-1) and DNase IV, is a 42 kDa protein with 5'¯ap endonuclease activity on branched DNA molecules (¯ap structures) and a 5' to 3' exonuclease activity (Harrington and Lieber, 1994) . The 5' to 3' exonuclease activity of FEN-1, along with the activity of RNase H, was shown to be required for Okazaki fragment maturation (Figure 2 ) (Ishimi et al., 1988; Harrington and Lieber, 1994) .
FEN-1 was shown to bind PCNA when crosslinked to a column, and association with PCNA stimulates FEN-1 activity . The stimulation could be observed only if the PCNA was encircling the DNA, regardless of whether it was loaded by RF-C or was allowed to slide onto the duplex. A mutant form of PCNA, which cannot form a trimer, can bind FEN-1 but does not stimulate its activity . These observations suggest an important role of PCNA not only in the replication of the lagging strand as a processivity factor of Pold and Pole but also via its interaction and stimulation of FEN-1.
Gadd45
The growth arrest and DNA damage (Gadd) gene family is induced upon DNA damage (reviewed in Fornace, 1992) . Gadd45 was identi®ed by its elevated mRNA expression following DNA damage or growth arrest (Fornace et al., 1988 (Fornace et al., , 1989 , and is a 21 kDa protein with an unknown function. It is a cell cycleregulated nuclear protein that reaches maximal expression levels in G 1 (Kearsey et al., 1995a) , which may explain the growth arrest phenotype upon overexpression (Zhan et al., 1994) . In several cases the elevated transcription of the Gadd45 gene observed upon exposure to DNA damaging agents (e.g. ionizing irradiation) is mediated by the p53 protein (Figure 3) . In other cases, however, the upregulated Gadd45 expression is in a p53 independent manner via an unclear mechanism. In several of these cases, however, where the p53 gene has been deleted or mutated, the expression levels of Gadd45 are compromised (e.g. Smith et al., 1995; Graniela Sire et al., 1995; Zhan et al., 1996) .
Gadd45 was shown to co-immunoprecipitate with PCNA (Smith et al., 1994b; Hall et al., 1995) and a direct interaction between the two proteins was also observed using a Far-Western technique (Chen et al., 1995a) . Further studies, using the two hybrid system, found that the N-terminal region of Gadd45 is involved in binding to PCNA. Three regions on PCNA have been shown to contribute to the binding . The role played by the binding between the two proteins is not yet clear, but presumably plays a role in the cellular response to DNA damage. Gadd45 is induced upon DNA damage and PCNA was shown to be an important component for nucleotide excision repair of damaged DNA (Aboussekhra et al., 1995; Shivji et al., 1992; Nichols and Sancar, 1992; reviewed in Wood, 1996) . Smith et al. (1994b) reported that the interaction of PCNA with Gadd45 stimulated nucleotide excision repair. Further studies which used cell free extracts and puri®ed proteins have revealed that the interaction between PCNA and Gadd45 is not involved in this repair process (Kazantsev and Sancar, 1995; Kearsey et al., 1995b) . Further studies are needed in order to determine the function of Gadd45 in the normal cell cycle and upon DNA damage. This understanding may also shed light on the speci®c role(s) played by its interactions with PCNA.
Cyclin-D
Cyclin-D plays an important role in the passage through G 1 into S-phase of the cell cycle. Association between cyclin-D and dierent cyclin dependent kinases (cdks) aects essential steps in early G 1 (reviewed in Sherr, 1994; Hunter and Pines, 1994) . One of the roles of the cyclin-D-cdk complex is to phosphorylate the retinoblastoma (Rb) protein. Rb inhibits the function of E2F, which prevents progression through G 1 . Phosphorylation of Rb by the cyclin-D-cdk complex in G 1 is required to inactivate its restraining eect on cell cycle progression by, at least in part, relieving the inhibition of E2F and therefore allowing the cell cycle to proceed.
A possible interaction between PCNA and cyclin-D was suggested due to the ®nding that the two proteins co-immunoprecipitate in a complex which also included a 21 kDa protein (later identi®ed as Cip1; discussed below) and Cdks (Xiong et al., 1992; Zhang et al., 1993) . Direct binding between PCNA and cyclin-D was detected using immunoprecipitation (Matsuoka et al., 1994) . Deletion analysis of PCNA narrowed the binding site to the N-and C-terminal regions of PCNA. These in vitro studies demonstrated a direct interaction which does not require any other cellular factor (Matsuoka et al., 1994) .
In vivo studies of human ®broblasts shed a light on the role played by the interactions between cyclin-D and PCNA (Pagano et al., 1994) . In these studies dierent combinations of cyclins, cdks and PCNA have been expressed in ®broblast cells and analysed for their eect on DNA replication. These experiments have demonstrated that the binding of cyclin-D to PCNA sequestered PCNA and prevented PCNA-dependent replication (Pagano et al., 1994) . Both chromosomal and repair DNA synthesis were inhibited when cyclin-D was overexpressed. The inhibition could be relieved, however, by co-expression of PCNA (Pagano et al., 1994) . The interpretation of these results is that the interaction between PCNA and cyclin-D prevents premature DNA synthesis during the G 1 -phase of the cell cycle. During the G 1 -to-S transition there is a reduction in cyclin-D levels resulting in the release of PCNA from the complex, and leading to the initiation of chromosomal DNA replication. Similarly, upon DNA damage, cyclin-D levels decline, releasing PCNA and allowing repair DNA synthesis to occur. Whether the binding between PCNA and cyclin-D plays other roles in cell cycle progression is not yet known.
p21
The best characterized protein that interacts with PCNA but is not a part of the DNA polymerase holoenzyme is p21. p21, also called Cip1, Mda6 and Waf1, was identi®ed as a 21 kDa protein that associated in a complex with PCNA, cyclins and cdk (Xiong et al., 1992 (Xiong et al., , 1993 . Subsequently, the gene encoding p21 was isolated independently by several groups using dierent assays. p21 was isolated by microsequencing of the 21 kDa protein present in the quaternary complex with cyclin-cdk-PCNA (Xiong et al., 1993) . p21 was also isolated based on its elevated transcript levels in a p53 dependent manner (Waf1: wild-type p53 activated fragment-1) (El-Deiry et al., 1993) , the ability of the p21 protein to interact with Cdk2 (Cip1; Cdk interacting protein-1) (Harper et al., 1993) , the ability to block entry into S phase and be upregulated at senescence (Sdi1: senescent cell derived inhibitor-1) (Noda et al., 1994) , and as a protein whose expression is induced as a function of terminal dierentiation of melanoma cells (Mda6; melanoma dierentiation associated gene-6) (Jiang et al., 1995b) . Like Gadd45, p21 transcripts are dramatically increased upon DNA damage. Although the protein was isolated based on its upregulation by p53 there are examples in which p21 expression is p53 independent (e.g. Michieli et al., 1994; Parker et al., 1995) (Figure 3 ). Several factors have been shown to be involved in p21 transcription and may play a role in the p53 independent upregulation of p21. These trans-activators include the muscle speci®c transcription factor MyoD (Halevy et al., 1995; Parker et al., 1995) , the STAT transcription factor (Chin et al., 1996) , the enhancer binding protein C/EBPa (Timchenko et al., 1996) and the receptor for Vitamin D 3 (Liu et al., 1996) . p21 is an inhibitor of Cdk kinase; by interacting with the cdk-cyclin complex it inhibits the kinase activity of the complex and brings about cell cycle arrest (Xiong et al., 1993; Harper et al., 1993; reviewed in Sherr and Roberts, 1995; Harper and Elledge, 1996) . The region which interacts with Cdk was determined and it was shown that mutations that lack the ability to bind Cdk exhibit a reduction in inhibition of DNA synthesis and cell growth (Chen et al., 1995b; Nakanishi et al., 1995a,b) .
In vitro studies have shown that p21 inhibits processive DNA synthesis and that the inhibition depends on PCNA (Flores-Rozas et al., 1994; . The inhibition of DNA replication by p21 in a PCNA dependent manner, and the identi®cation of the two proteins in the same complex, suggests an interaction between the two. p21 directly binds PCNA. The binding has been documented using immunoprecipitation, gel-®ltration, glycerol gradient sedimentation and surface plasmon resonance (Flores-Rozas et al., 1994; , and was shown to have a K d of 2.5 nM (Gibbs et al., 1997) . Thus, p21 has two distinct inhibitory eects on the entry of the cell into S-phase. One is to inhibit the kinase activity of Cdk and the other is to inhibit DNA replication via an interaction with PCNA ( Figure 2 ). These two distinct inhibitory eects reside in dierent domains of the protein (Chen et al., 1995b; Luo et al., 1995; Goubin and Ducommun, 1995) . The N-terminal domain of p21 contains the Cdk inhibitory activity (Chen et al., 1995b; Goubin and Ducommun, 1995; Harper et al., 1995; Luo et al., 1995; Nakanishi et al., 1995a) . The C-terminal domain of p21 is involved in the binding of PCNA (Chen et al., 1995b (Chen et al., , 1996 Goubin and Ducommun, 1995; Luo et al., 1995; Nakanishi et al., 1995b; Warbrick et al., 1995) . The Nterminal half of PCNA participates in the binding to p21 (Chen et al., 1996) .
The existence of two distinct domains which are involved in the interaction of p21 with PCNA and cdk suggests the possibility that p21 serves as a bridge between the cyclin-cdk complex and PCNA to bring about the tertiary complex. Support for this idea comes from the failure, so far, to demonstrate a direct interaction between cdk and PCNA (unpublished observation). Complexes involving cyclin-D, however, may be mediated, at least in part, by cyclin-D, since a direct interaction between this factor and PCNA has been demonstrated (see above). It was demonstrated that p21 inhibits DNA replication in vitro. Further studies have demonstrated that a short peptide derived from the C-terminus of p21 is sucient for the inhibition both in vitro and in vivo (Chen et al., 1996) . What is the mechanism by which p21 operates to inhibit DNA replication? Early studies, using PCNA cross-linking experiments in the presence of p21, suggested that p21 might dissociate the PCNA trimer and thus prevent the formation of the clamp around DNA (Chen et al., 1995a) . This would prevent processive DNA synthesis, which depends upon PCNA (described above). Recently, a functional assay was used to analyse the inhibition process. It was demonstrated that p21 does not substantially inhibit the assembly of PCNA around DNA by RF-C Gibbs et al., 1997) . The ability of PCNA to be assembled around DNA in the presence of p21 strongly suggests that the interaction between the proteins does not aect the integrity of the ring structure or the interaction between PCNA and RF-C. Further support for this notion comes from the recently solved three-dimensional structure of human PCNA complex with a peptide derived from the last 22 amino acids of p21 (Gulbis et al., 1996) . In the cocrystals, the PCNA molecule remains as a trimer where each monomer interacts with one p21 peptide leading to a 3 : 1 ratio of peptide to PCNA timer, which is in agreement with the surface plasmon resonance results (Flores-Rozas et al., 1994) . Moreover, in the threedimensional structure the central cavity of the ring, where DNA is inserted, stays open and is not blocked by the peptide. Based on these studies it became apparent that the inhibition of processive replication by the binding of p21 to PCNA is not via the inhibition of the loading onto DNA by RF-C and/or the structure of the ring.
Thus, p21 might prevent the interaction between PCNA and Pold. Although this is currently under investigation, there are several lines of evidence supporting this possibility. Each PCNA monomer is composed of two globular domains linked together by a connector loop (Krishna et al., 1994; Gulbis et al., 1996) . The three-dimensional structure shows that the p21 peptide contacts three regions of the PCNA surface. If forms contacts with residues from both domains and with the connector between the domains (Gulbis et al., 1996) . It was recently shown that antibody whose epitope spans the connector loop inhibits in vitro DNA replication (Roos et al., 1996) . Also, a substitution of Ala instead of Asp at residue 122 of the connecting loop (the human connector loop spans residues 119-133) was shown to aect the stimulation of Pold by PCNA (Fukuda et al., 1995) .
PCNA is also required for nucleotide excision repair (Shivji et al., 1992) . Does the interaction between p21 and PCNA inhibit DNA repair? Dierent studies addressing these questions yielded con¯icting results. Several groups reported that p21 does not inhibit PCNA-dependent nucleotide excision repair (Shivji et al., 1994; Li et al., 1994 Li et al., , 1996 . Others, however, reported that p21 inhibits both DNA excision repair (Pan et al., 1995) and mismatch repair (Umar et al., 1996) . The reason for the discrepancy is unclear. Several explanations, however, may account for the dierences. One of the studies was done in vivo (Li et al., 1996) and thus makes comparison to in vitro studies rather dicult. The cell extracts used for the in vitro studies might have some dierences in protein composition as a result of cell lines and/or puri®cation protocols, and dierent assays and conditions have been used by the dierent laboratories. It is important to note that the in vivo data show that as a response to DNA damage there is an inhibition of chromosomal replication but not of DNA repair; this is consistent with the studies that demonstrated no eect of p21 on DNA repair. As described above, Pole plays a role in DNA repair, but it is not yet clear whether PCNA-p21 interactions inhibit the binding between Pole and PCNA. Thus, if the interactions with p21 inhibit the binding of PCNA to Pold but not to Pole then chromsomal DNA replication will stall upon DNA damage, but the repair pathways will not be aected. Further studies are needed in order to establish the precise role of p21-PCNA interactions in DNA repair processes.
Interestingly, p21 was also shown to interact with Gadd45 in a co-immunoprecipitation assay (Kearsey et al., 1995a) . Detailed analysis of the binding suggests that Gadd45 binds both the N and the C-terminus of p21. The C-terminus of p21 is also involved in the interaction with PCNA. This may explain the observation that Gadd45 and p21 compete in the binding of PCNA (Chen et al., 1995a) .
Concluding remarks
Since PCNA was ®rst identi®ed almost 20 years ago a vast amount of information has accumulated on its structure and function. The three dimensional structure of PCNA from yeast and human has been determined and the role of PCNA in DNA replication, as a processivity factor for the Pold holoenzyme, has been established. In recent years it has also become apparent that PCNA has additional functions in the cell in DNA repair and perhaps in transcription and cell cycle regulation.
Although the role of PCNA in DNA replication is well understood, the mechanism by which PCNA is assembled around the primer by the RF-C complex is largely unknown. The recent puri®cation of all ®ve components of RF-C (Cullmann et al., 1995 and references therein) should provide the tools to study the loading mechanism.
The determination of the three dimensional structure of the protein allows a new strategy for its study. The three-dimensional structure can be used to perform structure/function studies and to analyse the role of particular regions of PCNA in its interactions with other proteins. Only a few of these interactions have been analysed to date at the molecular level. The structure of the protein also helped to explain several of the phenotypes associated with mutations within PCNA genes such as cold sensitivity and mutations that aect the activity of PCNA, for example mutations in the interfaces between the monomers within the trimer. Altering speci®c regions of the protein may shed a light on their relative importance for the diverse function of PCNA.
Is PCNA transcription regulated by p53 and why? Although p53 can regulate the transcription of a reporter gene fused to the PCNA promoter it remains to be determined whether PCNA is regulated in a p53-dependent manner within the cell.
Recently, several questions about dierent aspects of PCNA function have begun to be explored. What are the roles played by the interactions between PCNA and the proteins involved in cell cycle progression and regulation? What are the functions of the interactions with Gadd45 and p21? Do these proteins bind PCNA during DNA repair and perhaps prevent chromosomal replication? Future studies are needed to answer these and other questions including the importance of the binding of PCNA to dierent cellular components. Furthermore, the list of proteins that interact with PCNA might not be exhausted and new proteins might be identi®ed in the future. One might also try to explore the possibility that PCNA is involved in gene transcription. Although to date only viruses utilize the processivity factors of DNA polymerases as a part of the transcription machinery it might also generalize to the involvement of PCNA in the expression of cellular genes.
PCNA is a fascinating protein because of its unique ring-shaped structure and its diverse functions within the cell. Although much has been studied about it there is still long way to go until we fully appreciate its important role in all living cells.
